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A
theoretical model was developed to determine the ignition characteristics of organic
dust. In this model, an unsteady particle heat transfer equationwith an Arrhenius type
of reactive source term was coupled with the ¯ ow conservation equations. Theoretical
results show the in¯ uence of dust concentration on the ignition delay time of wheat ¯ our dust.
The ¯ ammability limits of wheat ¯ our dust have also been estimated. Results also show the
effect of particle size on the ignition delay time. The theoretical results were in reasonable
agreement with most of the experimental data.
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INTRODUCTION
The ignition and explosion of clouds of solid dust particles
have long been subjects of interest because of their role in
accidental explosions in mines, grain elevators and ¯ our
mills. Particularly severe damage occurs when the transition
to detonation occurs. The energy required for ignition, and
the propagation characteristics of detonation, depend on the
structure of the reaction zone and especially upon the
induction length, which is determined by the ignition delay
time of the fuel oxidizer mixture. Dust explosions are
frequently caused by weak local explosions, and the
explosions themselves can also be a source of shock
waves. Thus, shock waves are an important element in most
dust explosions; they may produce ignition, intensity
combustion, and hence even lead to detonation.
An asymptotic analysis of the shock wave ignition of dust
particles was made by Baek et al.1 . Their theoretical model
considered particle acceleration, the subsequent convective
heating by the hot gas ¯ ow, and chemical exothermic
surface reaction in the pores as well as on the surface of the
particle. An asymptotic analysis for the limit of large
activation energy was carried out for spherical particles with
constant average values of the gas recovery temperature and
the convective heat transfer coef® cient. A formula for
calculating the ignition delay times was determined and the
asymptotic results were compared with a numerical solution
of the governing equations and with experimental ignition
delay data for coal dust. Klemens et al.2 investigated
organic dust detonation in the presence of chemically inert
particles. Tests were carried out using a vertical detonation
tube, and direct streak pictures showing the ¯ ame accelera-
tion, pressure and temperature records were obtained. Flax
dust, dispersed in an oxygen atmosphere, was used as the
fuel, and two kinds of quartz sand were introduced as non-
reacting particles. It was found that addition of inert
particles caused a linear decrease in the detonation wave
velocity but had no special in¯ uence on the transition
distance. Calculations using the Gordon McBride code3
showed that propagation of the detonation wave in a dust-
oxygen mixture requires that the dust particles burn out at a
level of about 70%, but addition of inert particles increased
the necessary burnout level to over 80% (with a signi® cant
decrease in the detonation wave velocity). Volyan’ ski4 has
studied the ignition and combustion of organic dusts in
shock waves. A brief review of research on the ignition of
dusts behind a shock wave, the initiation of detonating
combustion by shock waves, and the region of detonation in
dust gas mixtures, was made. Dust explosion research
carried out at the University of Michigan during the last two
decades has been summarized by Kauffman et al.5 .
Signi® cant results were presented on the smouldering
combustion of dust heaps, turbulent combustion of pre-
mixed dust clouds, entrainment and combustion of layered
dust, and on shock wave ignition of particles and detonative
combustion initiated by shock waves. Lees et al.6 studied
the detonability of RDX dust in air/oxygen mixtures.
Experiments have demonstrated that mixtures of 2 and
37 l m RDX dust with air could not be detonated. It was
possible to induce detonations in the 37 l m dust in an 88%
air/12% O2 mixture and in an 8% RDX/17% AP mixture in
air. However, 2 l m RDX dust under the same conditions
could not be detonated in the oxygen-enriched air. A
theoretical model was developed to explain the effect of
particle size on the detonability of dust/oxidizer mixtures. A
comparison between this model and experimental results
shows good agreement between them. A combined experi-
mental and analytical study of ignition of coal, graphite,
diamond, RDX and oats was investigated by Sichel et al.7 .
Ignition delay measurements have been made for these
dusts. A theoretical model was developed, and the results
were in reasonable agreement with most of the experimental
data. An experimental study of organic dust ignition behind
shock waves was conducted by Elkotb et al.8 . The
14
0957±5820
q Institution of Chemical Engineers
Open access under CC BY-NC-ND license.
experimental study was conducted to determine the ignition
characteristics of wheat ¯ our and provender (mainly cotton
seed residue) dusts. Experiments were conducted in a
horizontal shock tube. Experimental results show the
in¯ uence of dust concentration on the ignition pressure
difference, and the ignition delay time. The effect of sample
shapes on the ignition delay time was also showed. Kinetic
constants of grain dusts have also been estimated by using
the experimental results.
In the present work, a theoretical model based on solution
of the heat conduction equation for the particle interior
coupled with the solution of equation of particle motion has
been developed. This model is built up to determine the
ignition characteristics of organic dusts and show the effect
of dust concentration on the ignition delay time.
THEORETICAL MODEL
A theoretical model was developed to deal with
the interaction between the particles and the gas in the
two-phase ¯ ow behind the shock wave. The ¯ ow rate of the
gas per unit area is denoted by mg, the corresponding ¯ ow
rate of the particles by mp, and the mass-¯ ow ratio by
g = (mp / mg). The de® nition of mg and the perfect gas law
may be combined to give:
p / po = (u / uo)(Tg / To) (1)
The momentum equation
mgu + mpup + p + w1 = (mg + mp)uo + po (2)
where w1 is the ¯ uid momentum loss due to wall friction.
The energy equation
mg(u / 2 + Cp,gTg)+ mp(u2p / 2 + Cp,pTp + Q)
+ Qw + Qr - Qs = mgCp,gTgo + mpCp,pTpo (3)
The momentum loss w1, wall heat transfer Qw, and viscous
dissipation term Qs are evaluated from the expressions
given by Ragland et al.9 :
w1 = (4 / Dh) e
x
0
s w dx > [(4x/ Dh)(Cf)q g(uo - u)2]/ 2
Qw = (4 / Dh) e
x
0
qw dx
> (4x / Dh)(Cf / 2)q g(uo - u)[hg + (uo - u)2 / 2 - hw]
Qs = 4 / Dhu e
x
0
s wuo dx > (4x / Dh)(Cf / 2)q guo(uo - u)2
where the mean friction coef® cient Cf for the ¯ ow
9 is given
by:
Cf = 0.047(Re)-1 / 5 = 0.047(q ux / l )-1 / 5
The radiation has been approximated by assuming that the
particles radiate to the wall as a grey body so that9 :
Qr = 4Dh e
x
0
qr dx > 4
x
Dh
e 9 r 9 T4
The radiative loss was found to be negligible even when the
emissivity e 9 is taken as unity. This result is probably a
consequence of the short time available for radiation in the
induction zone.
It is assumed that the cloud is monodispersed with
spherical particles, and that each particle is independent of
the other particles in the cloud. The analysis was then
reduced to the consideration of a single accelerating particle
in a ¯ ow which is initially supersonic. The equation of
particle motion is given by:
dup
dt =
3
8
q g
Rq p
CD(u - up)|u - up | (4)
where (u - up) is the velocity of the gas relative to the
particle. As the particle accelerates, the relative velocity
decreases below the speed of sound, and the bow shock
disappears. The relative velocity (u - up) ranges from
supersonic to very low subsonic values, so that the drag
coef® cient CD varies widely; hence it was necessary to use
an empirical correlation for CD. The following empirical
formula has been given in Reference 10:
CD = CD.C + (CD.FM - CD.C)exp[-Bi(Rep)N] (5)
Because of the high convective velocity around the
particles, the Biot number, Bi = (hR / kp), is of order unity, so
the temperature variations within the particle must be taken
into account. The energy equation thus becomes the heat
conduction equation for the particle interior:
¶Tp
¶t =
a
r2
¶
¶r
r2
¶Tp
¶r( ) +
u 9 9 9(r, t)
q pcp
(6)
A source term u 9 9 9 is included to account for the heat released
by heterogeneous reaction both on the particle surface and
in the porous interior of the particle. Hence the source term
u 9 9 9 has been taken as:
u 9 9 9 = Q q pSiPA exp(-E / ÅRT) (7)
Heat transfer at the particle surface can occur throughout
both convection and radiation; however, it can be shown
that, for the conditions considered here, the radiative heat
¯ ux is negligible compared to the convective ¯ ux prior to
particle ignition. The boundary condition at the surface of
the particle then becomes:
kp
¶Tp
¶r
(R, t)= h(t)[Tf(t)- Tp(R, t)] (8)
It is assumed that the ® lm conductance (h) is uniform over
the particle surface, even though this is actually not the case,
so that the problem will remain spherically symmetric. Both
the recovery temperature (Tf) and (h) will vary as the
relative velocity (u - up) decreases during particle accel-
eration. The empirical relation developed by Fox et al.1 1 has
been used to determine the convective heat transfer
coef® cient:
Nu = [2 exp(M)/ (1 + 17M / Re)]
+ 0.459 ´[(1.0 + 0.5 exp(-17/ Re)]/ 1.5 (9)
(for, 0 < Re < 10, 000, and 0 < M < 6)
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The initial and boundary conditions are given by:
Tp(r, 0)= Ti = 295K at r # R,
¶Tp
¶r
(0, t)= 0 at r = 0.0
The ignition delay time can be determined by solving
equations (1)±(9). The ignition delay time is taken as the
time between the shock passage and the particle surface
temperature runaway.
RESULTS AND DISCUSSION
In the present work the physical and kinetic data
for wheat ¯ our dust were used in calculations and
were taken from Elkotb et al.8 : the activation energy,
E = 28.44 kcalmol-1; the pre-exponential factor, A =
1.82´104 g cm-2 s-1 atm-1; density of particle, q p =
0.63 g cm-3, and heat of combustion, Q = 4.806 kcal g-1.
Figure 1 shows the effect of shock Mach numbers on the
ignition delay time at different dust concentrations for
40 l m wheat ¯ our dust. It can be seen that the ignition delay
time decreases as the shock Mach number increases. This
may be attributed to the increase in ignition pressure and
temperature that drastically affect the ignition delay time.
As can be seen, the minimum ignition delay time is at
critical dust concentration Cc = 0.22 from the numerical
solution, while the dust concentration from experimental
work8 is Cc = 0.27. The ignition delay time of wheat ¯ our
dust is in the range 3.78±4.89, for Mach numbers in the
range 2.0±4.0. Figure 1 also shows that as concentration
increases the ignition delay time decreases. A comparison
between the present work and experimental work8 at
C = 0.1 shows good agreement between them.
Figure 2 depicts the particle surface temperature history
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Figure 1. Effect of the shock Mach number on the ignition delay time.
Wheat ¯ our dust D = 40 l m. j Reference 8, C = 0.1.
Figure 2. Surface temperature histories of 40 l mwheat ¯ our dust subject to
M = 4.0.
Figure 3. Effect of dust concentration on ignition delay time at M = 4.0.
j Reference 8.
Figure 4.Gas temperature history of wheat ¯ our dust atM = 4.0,C = 0.13.
for particle sizes of 40 l m at different dust concentrations. It
can be seen that the particle surface temperature gradually
increases due to heat transfer from gas to particle surface in
the ® rst stage and then due to chemical reaction, until the
moment of ignition. The ® gure also shows that, at a dust
concentration of C = 0.687, the particle surface tempera-
ture gradually increases for a certain time and then
decreases and no ignition occurs. The concentration
C = 0.687 is the higher limit of the ¯ ammability region.
The lower limit is illustrated in Figure 3. This ® gure shows
the effect of dust concentration on the ignition delay time at
M = 4.0. It can be seen that the variation of delay time with
dust concentration is divided into two regionsÐ the lean
(left hand side of the curve) and rich (right hand side of the
curve) regions. The minimum ignition delay times are
observed at dust concentration Cc = 0.22. Figure 3 also
shows that the ¯ ammability limits ranged betweenC = 0.05
and 0.688. A comparison with some data in Reference 8 is
given (note that the ¯ ammability limits in the experimental
work were 0.07 and 0.72).
The gas temperature history at shock intensity M = 4.0
for different particle sizes is illustrated in Figure 4. The gas
temperature increases until it reaches a maximum, then
decreases to its equilibrium level. Figure 4 also shows that
as the particle size increases the gas temperature decreases
(at a time equal to 2ms). This may be a result of increasing
the heat transfer to particle surface as the particle surface
increases, and hence the gas temperature decreases at
time >2ms). The rate of decrease of the gas temperature
with time for small particles is greater than that for large
particles.
The variations of ignition pressure with shock intensity at
different dust concentrations are shown in Figure 5. The
ignition pressure increases as shock intensity increases. The
® gure also shows that as dust concentration increases the
shock intensity decreases, i.e. to weaken the shock.
Figure 6 shows the variation of relative velocity with time
after shock. It can be seen that the relative velocity (u - up)
decreases as the time after the shock wave increases. This
® gure also shows that the relative velocity increases as the
particle diameter increases. As particle diameter increases,
the particle velocity decreases and hence the relative
velocity increases. Figure 7 shows the effect of variations
of particle size with ignition delay time for different values
of dust concentrations. The ignition delay time always
increases with increasing particle size, and decreases as dust
concentration increases. A comparison between the present
work and experimental results (at C = 0.1) shows good
agreement.
CONCLUSIONS
A theoretical model was developed and from the analysis
it can be seen that:
(1) The minimum ignition delay time for wheat ¯ our dust is
at a dust concentration equal to 0.22 kgm-3.
(2) The ¯ ammability limits of wheat ¯ our dust are
0.05<C<0.687.
(3) The ignition delay time of 40 l m wheat ¯ our dust is in
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Figure 5. Variation of ignition pressure versus shock intensity at different
concentrations. ÐÐ C = 0.1, ± ± ± C = 0.2; ? ? ? ? ? C = 0.3.
Figure 6. Relative velocity of wheat ¯ our dust motion versus time after
shock. M = 4.0, C = 0.1.
Figure 7. Ignitiondelay time versus particle size of wheat ¯ our dust subject
to M = 4. j Reference 8.
the range 3.78±4.89, for Mach numbers in the range
2.0±4.0.
(4) The ignition delay time increases with increasing
particle size.
(5) A comparison between experiments8 and theoretical
results shows good agreement.
NOMENCLATURE
A pre-exponential factor
Bi Biot number
C dust concentration
Cc critical dust concentration
CD drag coef® cient
Cp,g speci® c heat of gas
Cp,p particle speci® c heat
cp speci® c heat
D diameter of particles
Dh hydraulic diameter of tube
E activation energy
h heat transfer coef® cient
hg gas conductance
h(t) ® lm conductance
hw enthalphy of gas at the wall
kp thermal conductivity of particle
M Mach number
mg ¯ ow rate of gas per unit area
mp ¯ ow rate of particle per unit area
Nu Nusselt number
p gas pressure
po initial pressure of gas
Pr Prandtel number
Q heat of combustion per unit particle mass
Qr radiative heat transfer on the wall
Qs viscous dissipation
Qw wall heat transfer
R particle radius
ÅR gas constant
Re Reynolds number
r radial coordinate
Si internal surface area of particle
T temperature
Ti initial temperature
Tgo gas temperature at head of the shock wave
Tf recovery temperature
To initial temperature of gas
Tp particle temperature
Tpo particle temperature at head of the shock wave
t time
u gas velocity
uo shock wave velocity relative to the wall
up particle velocity
w1 ¯ uid momentum loss
X length of relaxation zone
Greek letters
e 9 body emissivity
l viscosity of gas
q g gas density
q p particle density
r 9 Stefan-Boltzman constant
s ignition delay time
s w viscous force on the wall
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